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The ~~rk reported herein wa s conducted by the McDonnell Douglas Rasearch
Laboratories (MDRL) . St.  Louis , Missouri , for the United States Air Force
Off ice of Sc ientific Research, Boiling Air Force Base D . C. ,  under contract
F4 9620—77 — C-008 2. The ~~rk reported was conducted from 1 April 1978 to
31 March 1979 in the Flight Sciences Department , managed by Dr. R. J. Hakkinen.
The princ ipal invest igator was Dr. N. Sajben , and the co-invest igator was

Mr. J. C. Kroutil. The program techn ical manager was Dr. D. Samara., Air Force

Of f ice of Scientific Research.
This technical report has been rev iewed and is approved .

1C
R. i. 4

t
akkinen

Chief Sc ient ist , Flight Sc iences
Mc Donnell Douglas Research Laborat - r l eo

I
D. P. A~~ s
Staff Vice President
Mc Donnell Doug las R’search i..i’~r~ tories - 

- . -

. .. ‘_ , j .-
~~

~ 
-I---

~ I
LflL 1 /

iii

_ _   ---- - ~~~-- --



i~~~~~~~~~~~~~~~~~~~~IFII~~~~~~~~~~~~~~~~~

t
1. INT RODUCTION • 1

~~~. RESEARCH OBJECTIVES • 2

3. RE SEAR CH STATUS .

3.1 Diffuaer Model 3

3..’ Perturbation L enerator

3 . 3  F i . ’w l te ld  Diagnostic Method 6

L 4 Boundary Layer Control (BLC) Tuning 7

3.5 Baseline Data - No Excitation 7

3.6 S~~~ ary 11

- . P U B L I CAT iON S 13

5. PROFESSIONA L PERSONNEL 14

6. IN T~-~RACTI ~
)
~ S 15

7. NE~N DISCOVERIES 
16

8. RE LATF.D RESEARCH 17

9. RE FERENCES 18

10. DISTRIBUTION LIST 19

V

_________________________

- - - -~~~~~--- ~~--~~~--~ --~-_______ 
_



i• 
_ _ _ _ _ _ _ _ _ _ _ _ _ _  

___ __E~I— - 
~~~~~~~ --~~~~~~~ -. ----- - - - — --—=~~- - --

LIST OF ILLUSTRATION S

Fi~~~e Page
1 DImensions ~‘t t he d i f fuser model 3

2 Di f fuser ~ ,de l Installed in the Internal Fluid Dynamics

F.t~~i1i t r  4

3 1)isturban&-e gi nc r .s tu r uscd tL ) period icall y modulate

d it t use r  v x i t  area S

~ u r !.i c—pressure distribution s t~’r various

~‘rcssure r~.t i.’~
r~ t ~,l — p .s

~ i u r & ~ prof t i e  ‘1 ht~undary l;iver .it top inlet

rZltC r 

T~’t .1—pressure n~ ‘ui map or e x i t  s t at  ion a t v • 1. ~‘O’  .  9

Mvj :i ~hot k po~ it tun and ~h~~- k ..np lit udes as I unc t li-inc ot

pressure rat~ 10

.~..l ~~~~~~~~~~~~ lui~tua t ion i n t e n s i t y  (ras )  at various st re~~~ise

i~’c a t tons.  (u • .11 ne.~n vv Io~ 1t v )  11

Vi

4 -__________ 
_ _ _  

I

— -~~~~- -- - ~~-~~~~—~~~~~ -—



- 

1. INTRODU CTI ON

The pre sent stud y is part of a cont inu ing invest igation of unsteady ,

transonic diffuser f lows , w it h app lication to dynamic distortion in the

inlets of fighter aircraft and airbreathing missile propulsion syst~~ s.
The investigat ion is focused on a simple , two-d imensional diffuser

configuration disp lay ing a weak shoc k shortl y downstream of the t hroat.

Flows in this conf iguration were found to disp lay sell—ex c ited oscillations

involving the shock and the ent ire subsonic flow behind it. The shock

displacement ~~p1i tudes are comparable to the throat height and occur at

fr equenc ies characterized by the flow speed and the length of the divergent

diffuser section. The t ime—mean and fluctuating properties of this flow and

the dependence of these properties on shoc k strength have been documented 1~~~.

The ~irst year of the contract wn~ devoted to exploring the effects of

approach boundary—layer thickness. This work is complete and has been
Spartia ll y documented . , -

The second and third years cori~~titu te the second phase of the contract.

Tb. goai of this p h..se is t o exp lore the respon~.e of the dif fuser to t ime—

dependent . downstream boundary condit ions. The pr imary purpose is to prov ide

benc)aark data t’r testing related theor etical efforts in progress at MDRL and

elsewhere. The experimental result s should also hel p define the role of the

inlet diffuser response In cou p led Inict/coo bustor oscillat ions in ramjets
6
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2 .  RESEARCH OBJECTIVES

The specif ic object ives of the s.cond phas. of th. contract are as

follows :

1) Design and build appropriate hardware suitable for  creating

nearly p lanar , per iod ic waves downstream of the diffu ser model.

2) Obtain detailed steady and dynamic measuraments of the surface

pressures and shoc k positions at various pressure ratio , and

perturba t ion parameters.
3) Obtain phase-averaged f lowf ield velocity and veloc ity fluctuat ion

measuram.nts at selected test parameter combinations.
4) Reduce , analyze , and document data in a form useful for comparison

with t heoret ical prediction methods.

t
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i. kES L~k~ U

‘ . 1  ) i t  tu .~er Model

~~~ j j~~~~~~ ~~~~~~ ~~~~~~ 
j~ ~. n j - ., ~ ~- - ~ - , r . h  (~~~~ t~~~~V t t t 1) ~~~ .~v. t ~~l . t b l e  f rom

.. pdrallel , MDKL-s ponsort ~d ex per i~~i•:it.i i - t t ~’rt. The model , being ~i th ird—

~~~i t r t t  ton Je~ i~~~. in~-~- i rp~’r.~t es t ~~~~ .~x~u-r f e n c e  rom t hr  ~.rs  of ~imilar

‘— v ~ -. The e x i t — t o — :  hto.i t .trea r..t to is 1. ~.
‘
, he r.*t to ~~~1 d ivergent  length

to hroat he- 1~ ht ~~
-. / ..~~, .ini the .i’.~~e~~t rat i ’  ut the throa t e- ro~~~—~,ect ion

i~ . . . h r’ ~ it  h e i . V~~ht t~, -. .  mm. ~~~~~~~~ i n !  hot -
~ !.oind..r — L i v e r  ~‘ ro~~ h i~.

l t~~it e d  by t h i ,- .- - .e t~~. ot  r .~~~~~ v ;e  ~uc t  ~~ui ~1 t  - , ~.i: h m d  ,. V d ~~~t I v
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The model I supp l ted w i t h  ~. 1 can , di .- air thr ough a p 1 i-tiur ~: c hamber

equ ipped with a ~S: 1 are.. rat to ~-on t  rac t ion se c t  ion. The a it cX h.iust ~. to

la boratory, keep lug ~~~
- e x i t  p r e - ~-.u re .t ..n: . Shock st rength m~-~ var  led by

~~~ ut rol l  ing t he p lei.wn c hamber pressure and t hereb y t he ov e r .t l 1 pressu r e’

ratio , . ( r a t i o  of p lenum t o t u l  to ex i t  s t a t  i~ ~ressu r e s) .  Shoc k strength

increases nonoton tc a l lv w i t h  V the - str onge- .t o bt a i n a ble  shoc k Ma h nu~~b- r  is

MSH 
• 1 .35 .

r ? c -  mode I I.. i-~~ en-, iv~- I v mu t V . , ,t .~d w i th  numer u ~~ r I ..c c—p r e • ti i e’

mea.~~ring o r it  i c es  and h~ ,., h — r u - ; V n - ..’ ~u r m V . .  i - —pressure t ra nsduce rs . An pt i i i

s v s t e n  w ith  ‘.—
~~

- S I—c m ~l iir c n . , v e  ~ i r r r s  is used ob tain shadowg i ap h and

sc hI 1,- t e n  ;‘h.’ to ~ raphs . and ~~~ t Ion p1 - ; r ’ - - .. ~‘~ cd in connect Ion w i t h  a 1 inn—

scan t~~a~ m n ~ . - a
~~V , - r . l  in !  .i;-pr -~~r 1..:,- ~ 1t ~ t r o u t  V , em also ;tr -v ides ~

t t .me—depeuden an .i 1. ~ s I ~‘n .1 ; ;— .- r - u i  1 - , r ~-anw is.- shoe • V V it I n.

A p h i  ,‘~ ra ; d- . 0 ~~ .- ~ 1 , V t  
~. 1 .•d ~~~~ f u l l  v inst t u~~ent ed • I s  -

in F igure ~~~.

~~~~~~~~~~~~~~~~~~~ 1N
V .1

0-.~~ (4S 3

Figure 2. Diffuser model installed in the lntsrn.l Fluid Dynamics Facility.
Pulse generator motor and encoder visible on near and far sides of model, r.sp.ctiv&y.
Ducts below modsl connect SIC suction slot manifolds to vacuum pump.
Components of .ch$iarsn syst m ar visible.
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.1 l’e r turhat  ion .elie’rator

A de ta i led  t t u d - , ot po~ s ib lc methods t o  g e ne ra t e ’  perturbation. led to

se lec t ton ot the rte-c h..nical dcv Ice sho~~ in Fi gure 3. The ac t ive  elament is a

ro t o r  of rec tan g u la r  C ro t ~, sect ion , t~~bcdde d in the bott om wall f the model

.eud ro tated  around i t t~ axis by a variable-speed motor. The rotor modulate.

the exit .ei n.e t rom 0 to -4 . SZ , -~‘h ic h was found to produ ce a s—cm shoc k

dtsc placement amp l i tude . ~~requenc ies are cont inuously var iable to 150 Hz, and

ro t o r  i~~ crston can he v~~t ied s t e pw is e  from 0 to 6 .3  m. The rotor can he

( - V .. . ..

- :  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘,j. a•.~ ,.~~co
- — - — Optical

T~~ p ,~~~t

( 66 7 ~~~~~~~ - 
-

+
L~ 

I T~~~~~~~~~

‘1!h
I
i D.,Twfnions fl m i t  64 -

~~~~

~~~ I

Figure 3. Disturbance generator used to pSr-IOdIC&Iy modulate diffuser ixit
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locked t - ; - i t - s . - t t  a f l a t  boundary s u r face  i. the wall , corresponding to the

ba se l inc case 1 pt’rtui ~- ..t ion t rev ‘. low .

The ~e t ,~a modulat ion produces pressure wave s tha t propagate in the

n ;  st r eam J .-  t i n .  A s t he- wave rout  s i .~~ ede rum their point ut or Ig in, V

th eir rad In a of - -u rv a tu r e  in r nit Si’,. tend he bec ose Inc r easin g l y mor e p lanar.

The w a l l  ;‘ r . ’ss i r i ’ s .Ir e ~~nitore’d ott b ot h  top and h - t t o m  w slls at the ex it

st .e t 1 n~ 1oc~at .‘d ~r- -x t:~~t t •~~l - .- t . r  ,- . .  d ue t  heights upstrea m u t t ~,. g t ’ n i r a t o r .

Th it,’ wave f - r : ~~
.. are i i - . - r I n d , phase i -.era ged , and used  as exit

-n - f i t v c~ ud it i ‘n ‘. ‘ or • 1 it ,- V 1  h. re t  t ea l  ef o rt  . Mv exam ! • V  hr ~~~~~~

-~~~ ton  ab p - .-  se’.’ V 
p -i ud h- t 

~~~~ 
pr - t .‘ ..i,- :a  1 s , the ;- I ~inar it v i t  t he

~ r 0-  1 ’e ,.st ,,bl Ished .
A.n p t - .i 1 • V ~ l~~ Is at - - ed ‘n h ro t  - ‘r s’uI w i t  Ii I-i,. 1 u t  pot a : 1

pit s~ ~~~~~~~ -~~ .~~ ! • ; - - u  I s ‘ r r . . lti t 1 - n  ~~~~~~~ i s  are ava i i.iii e . The 1 pul sd

Ion out .~ . t en - f i r  I,, ‘ i - e u !  i s  .i Sy f l u  ~ r ‘- i,~n;i1 t i  i n i tia t e ’

t -c .4ue~~p tug ;t.~ r In t - i- - !  .i a r • V t t i  i - n  - ~ .- •.s . he ;uu I ~ e ~ - - r . - v . - i  iii ton

s i ’ ..- -1 o f .  ni - phase .ing i i- - . In dat a sampi ing • In ‘n inc t Ion w i t h  an

ad u -. .i f l  c -- . :. . - r c tt - - u t O.. he I i t t  ‘ -  .~ t .i I Is a 1 s used to d r lye a stepping —

— r ~ - - -u :-,t ru f  ~~~~.: 
i . . i h :  c -  p .r ‘ 4 V ~ 1 p l.i ed -n t he  ax i s  ;e n .! near the s l i t

he sc hi icr en s-.- .: • - ~~ . ftt’ h g  - :  beam is per I d  ica l iv i n t e r :  upt ed and the

~~ te:’ n - , ,.- i~. r - ° . 1  t o  ; - t v t - f e  t , - a l — t  t e , a1ow~~o t ion  . - 1 - - - . - r - .- .it Icr, ‘~~

t to’ shoc k —..t ~~-n . h i c  -.v -
. .- . . f • - r .’ t t  .~ s st r t ug  t o  the ‘-xi  i ta t  ion f requenc v

in- f  .- t , t r  - ; t - ’’i •- —
~~‘. . - ..- b’. n- r fr t !  :*  f n  o f t  or r .- ’ ; ’ ie n ‘i,,~, f r  Ly e

— V • or  -
~~ t - .~ g.’”er.i~~~r . ’ .d pe rt . i i t  ‘r a:’- - - - -.—- In Figure . ~~~~~

dt ~~t - - - . r  e~~t~

~~~~~~~~~~~~~~~ — • i u ’ t!  Pt~~~ u ‘ - .t i  ‘~.-t ‘ 1

.1 ‘ h i s  ;-r - c t I ’ . •~~~; 
-i . -e de pe nd .- n- r 1 ~~ i- low

- -
~n •‘x t e r ~ - .,I i i e — . - : . - r ’ . ( shoe , - ‘ r. -~;~ th , .‘x ~ i ta t i i - n  fr eq u ency and am p l i t ude) .

In o rde r  t o  e s t ahi fe b  the re upect  lye  trend s , numer~~is test s mud he mad e

in-.’~’lv t u g  e x t  in- -. Lye  var t a t  tons ‘1 Iu ’~~’ parameters . The demands of tel iaht l I ty

and speed , inp I l e f t  in au h a program , led t o  the se lec t Ion of a miniature

t o t a i - p r r ’ -.-.’lre ~~~~~ t o  - f e t e ra i ne  the core f low ve loc i ty  d i c t ri h ut i ons

u~~(x . t ) J  - r a ntr~ber o f param ete r  combinat ions.

T ’ .- -,“ nc- ’r u- ..- ! ju a I i i l i t c  model XCQ-062 pr essu re transducer , mounted on

.~ st ing .~t ~ .- ‘ ver ’ ! .a l  d i s t a n c e  (i~ ) f r o m  the bottom wal’  . The

actuator  is hull’ into a rem ovable pane l f i t ted  i the bottom wa l l .  The V

6



V sensor diameter 1. 1.6 ~~ and cause s no measurable disturbances in the wall

pressure distr ibut tons , wi th  the exception of an approximatel y 2—cm long

reg ion on the bottom wall behind the st ing.

The pro be signal is recorded on FM tape simultaneousl y with reference

pulses f rom the encoder of the perturbat ion generating syst em , there by

estab lishing a c~~~ on t ime base . Phase aver ages are determ ined by processin g

the digi t ized data .

1 , -
~ Mound.e r- ’.- IV.t ’.e r l of l t r,’ 1 ( 

~l ’ t run tn~

In a series of prel tminarv test r u ns , the 1 1.-s ra tes  removed t hrough each

the t hr~~ s lot set s w e r e ’  mea sured aS func t ions of the respec t ive s uct ion

mani fo ld  ;‘r. ’ .o.’ u res  (normal iz.-d by ~ ..•  t o t - e l pressure  -it the d it !us.’r in let).

In norma l opera t ion , rhe m . i n t t o l~I pressures are monitored and the ind ividual

bleed ! low ra te s  are u-umputt ’d using the  - . e1 i f ’ ra t ed  re’ lationr. . The sum of

t lie computed hle,-d r i t e .  is - ‘ -~. ;‘ uered s - i t  h t lie t o t a l  bleed I low which Is also

independent lv t~.’n it .‘re d. T he c- ’nput ed ~ud measu red f low rate’ s rout inch v agree

— i t hin about ~~~~~~~~~~ w hic h I-. sat i s f a c t . - r v . ThIs arrangement requires only one

,tw — i ’ tt ’ r f o r  tic MI_ C -.- .- s t e m  Ir,~ tead of  t h ree.

ra~ - t  1. -u t he f low removed a t  eac h slot i~ approx imate lv equal to

the rat I - - ‘t the s lot  area to  t h i ’  crou s~~ cct tonal area of the d i f fuser  model

at  he s lo t .  ~ fie re-.p.- u t ive at’ .’ .. r act t o ns  or t he -’ th ree s lot  sets are:

~~~~~~~~ OJ~~1 and O.I~~~. ‘i.’ f l u i d  Is remove .! bet ween the throat and the exit
V 

et a t  i -n ;  ho s, ~~~ s I ~w is co nse rved i i-. he cx per t~ ent , as a lso  assu med in

hi’ t’ ,‘l - t t  in! t heor i ra.

).5 Macd ine flata - Mo ~V x c i t at Ion V

Al l data In t he  sec -n. !  con trac t year were t . ik~~ w i t h~~ t exci tat ion to

e s t a b i ts h a i,aqel Inc for t he  a s s e e t ~~ent of response c ha racter  let ice .

A fa m i ly of n orm.al ir e ’d su r fac e pres su re d i e t r i hu t  t on s Is shown in
Figu re -. . These data .ire repeatable wi t h  hig h prec is ion (+0.002) . The “ hump”

near t he  t hroat is caused by a machin i ng imperfec tion In the top w a l l  cont o ur.

The i r regular i ty  is not icea ble but Incon sequential , and no at tempt  was made

to e lim inate i t .  The increasingly sharp “kink ” at t he beg inning of th. post—

shock subsonic reg ion ind ic ates the appearance of shock— Induced separation .

The exper ime nt thos  is capab le of producing both attached and separated

tran .on ict f lows .
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Fi~~re 4. Top wsll surf.ce.prsssur. distributions for vartous pressure ratios.

Inlet ve loc i t y  profi le. wer e measured using a miniature t o t a l  pressure

probe (0. )S em x .) . 3 2  em f r o n t a l  c ro ss  s e c t i o n ) .  The p r o f i l e s  (Fig ure 5) are

we ll behaved and thin: the bloc kage at the inlet s tat ion (x -5.1) is

appr ox imately 2.2Z.

The e x i t  s ta t ion v e l o c i ty  p ro fi l es  were measured wi th  a to ta l  pressure

probe rake hav ing 1 t o t a l pressu re t u ~ -es 
( ‘ !.~~~~~ o.d.) aligned verticall y.

The rake was traversed horizontal l”  to cover the entire cross section

(Figure “ ) .  P-” influence of the s idewal l  bou ndary layers on the central

port ion of the flow is cl ea rly min im al. Tb. residual dev iation from two-

d imensional i ty on the rig ht side of Figure ~u was traced to an aay emetry in the

second suction slot and has been corrected .

Prelim inary shock position and oscil lation amplitude data were obtained

by v isual obs ervat ion of the .chl ieren Imag. of the flow (Figure 7). For

weak shocks , the f l ow is remar kabl y stab le , and t he shock disp lays minor

posit ton.al dev iat ions only .  As the shock strength Ii increas ed , increas ingly

larger amp litude oac ii lat ic ’rs develop, but even the largest amp lit udes (at

• 1.34) are only approx imately + lO~ of t h e  throat height . This amp litude

is ~‘r - h  aller than tha t introduced by t h e  perturbation generator , which

should faci l itate sepa rati’— g of the t~~ t ypes of mot ion in the data anal ysis.
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Selected f l uctuat in .g surface pr es sure (rms) intensit lee are showa in

Figure 8. The in let pressure f luctuat ions are constant at approx imately U

of the local dynamic pressure. Fluctuat ions at the exit stat ions Increase

with pressure ratio; steep growt h beg ins at V • 1.22 (whIch also mark.. the

appearance of apprec iable shock oscillati ons) .

A sensor (labe l ed ex haust in Figure 8) was placed 25.4 em up.tr.~~ of the

channe l end. The f luctuat ion level at this location is high , ind icating t hat

the convent ional as~~~ption of equat ing exhaust-stat ion stat ic pressure to

eabien t pres sure may be significantly violated in this experiment.
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3 . 5  Su arj

Al l  necessary equ I~~ent and lnst ruaenta t Ion required to achi ev e the con-

t r a c t  obj ec t ives has been bu ilt , assembled , c hec ked out , and placed in

operation .

A large portion of the necessary baseline information has bean acq uired .

1~ ts acqu isit ion is in pra~ress.
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V The experimental conf iguration was demonstrated to possess two feature.

highly favorable to achieving the program object ives. First , the natural

fluctuation s have low amplitude. and tbus wil l not interfere with the study of

- externally introduced oscillations. Second , f low, both with and wit ho ut

separat ion can be produced, allowing the assesement of effects attributable

- to f low separation.
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4. PUBLICATIONS

A manusc r i pt describing the result . of th. first pha se of the contract

is in preparation . Th i. paper is intended for the ALAA Journal *nd is

t i t led :

• The E f f e c t s  of Appr oac h Boundary Layer Propertie s on Shock

Osc il lat ions in a Dif Iu .er Flow , by M. Sajben and J. C. Kroutil .

Re lated research wo rk , sponsore d by ~ )RL , led to two papers , both

accep ted by the AIAA Journal :

• Real-r im e Opt ical Measur ements of Time—Dependen t Shoc k Position ,

by M. Saj ben and R. C. Crites

• S hoc k -Wave O.cillat tgps in a Transonic Diffuae r Flow , by C. P. Chen,

M. Sajben, and J. C. Kroutil .
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• Miki os Saj be n, Senior Scientist
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Several seminars wer e given by N . Sajben , which inc luded material

resu lting f rom the present contract.

1) USA?, Fligh t Dynamic s Laboratory

Wr ight-Patterso n Air Force Baiie , Dayton , OH
Host : Dr. C. K. Richey

19 March 1979

V 
2) UnIver sity of Michigan

Ann Ar bor , MI

— Host: Prof. 1. C. Adamson
20 Ma r c h  1979

3) NASA—Lewis Research Center

Cleveland , OH

Host : Dr. 8. H. Anderson
‘ — 22 March 197 9

-~ ) Case Western Reserve n1ve r~~1tv

Clev e land , OH

Host: Professor 1. ~reber

23 March 197 9

~~~
- Experim ental results from the initial stages of this work have been used

to validate numerical computations carried out at NASA-Am es Research Center.
7

V 
The work at Ames was done by ~r. 1. 1 . Coakley , who used several types of

turbulence models In t ime—averaged Navier-Stokes calculat ions to pred ic t flows

for the MDRL diffuser aodel.
S 

The predicted t ime—mean flows agre, well with

the experimental data.

The exper ience and understand ing ga ined from this work enabled N. Sajben

to prov ide useful inputs to McDonnell Doug las AMtronaut Ice Company (MDAC) in

connection with the des ign of a r -je t  missile prop u lsion system. The

ram-jets considered by MDAC emp loy dump-com bustors whic h are prone to develop

screech or buzz. 6 
It is believed tha t the coupling between t he combustor and

the diffuser is an important factor in determ ining thie type of instability.

15
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7. NEW DISCOVERiES

No invent ion disclosures were f i led during the second year of this

contract .  The results obtained are of a sc ientific import with a primary

purpose to assist development of predict ive t heories.

- 16
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8. RELATED RESEARCH

The contrac t work is complemented by a parallel I RAD e f fo r t , whic h was

in itiated in 1976. Doring the .econd year of the present contrac t , t his IR.AD
- e f f o r t  included both experi mental and t heoretical contributions.

The exper iment al work dealt with the effects of area ratio on the

dynamics ~ t dif fuser t low and established the generally destabil izing
- 

- effects of ~ncreasing area rat io. The improvement of ve loc i ty—f ie ld  measure—

ment capab ilities at MDRL also was an objec t ive.
8

T he t heoretical e f f o r t  (b y Dr. Meng—Stng Ltou) produced an operationa l

computer code sui tab le for predicting time—dependent , v iscous, t ransonic f low

in a two-d imensional diffuscr , subject to t ime—dependent boundary conditions.

- - The theory is capable of pred icting buzz-l ike ins t abilit ie s .8 
~

I 
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